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Paramyxovirus infects cells by initially attaching to a sialic acid-containing cellular receptor and subse-
quently fusing with the plasma membrane of the cells. Hemagglutinin-neuraminidase (HN) protein, which is
responsible for virus attachment, interacts with the fusion protein in a virus type-specific manner to induce
efficient membrane fusion. To elucidate the mechanism of HN-promoted membrane fusion, we characterized
a series of Newcastle disease virus HN proteins whose surface residues were mutated. Fusion promotion
activity was substantially altered in only the HN proteins with a mutation in the first or sixth � sheet. These
regions overlap the large hydrophobic surface of HN; thus, the hydrophobic surface may contain the fusion
promotion domain. Furthermore, a comparison of the HN structure crystallized alone or in complex with
2-deoxy-2,3-dehydro-N-acetylneuraminic acid revealed substantial conformational changes in several loops
within or near the hydrophobic surface. Our results suggest that the binding of HN protein to the receptor
induces the conformational change of residues near the hydrophobic surface of HN protein and that this
change triggers the activation of the F protein, which initiates membrane fusion.

Viral envelope glycoproteins bind to specific cellular recep-
tors and initiate fusion with the cell membrane, which allows
the penetration of the viral genome into host cells. These two
functions, binding and fusion, are mediated by one or multiple
envelope glycoproteins. Influenza virus hemagglutinin, vesicu-
lar stomatitis virus G protein, and retrovirus envelope proteins
are well-characterized viral glycoproteins that participate in
attachment and fusion. Exposure to low pH after receptor
binding triggers the conformational change of the glycopro-
teins, a process that is essential for membrane fusion (11, 22).
In contrast, paramyxoviruses have two glycoproteins that me-
diate these functions: hemagglutinin-neuraminidase (HN) or
hemagglutinin is responsible for binding, and the fusion (F)
protein induces fusion (16). With the exception of some strains
of simian virus 5 (SV5), paramyxovirus HN or hemagglutinin is
generally required for F-protein-induced membrane fusion
(14, 15).

Most paramyxovirus F proteins require HN protein from the
homologous virus to induce membrane fusion, and substantial
membrane fusion is observed only when HN and F proteins of
the same virus or closely related viruses are expressed in the
same cells (2, 12, 13, 17). Although F protein of some of the
SV5 strains and mutant F protein of Newcastle disease virus
(NDV) can induce cell fusion by themselves, coexpression of
virus type-specific HN proteins substantially enhances the vi-
ruses’ fusion activity (12, 21). These findings indicate that in

addition to its attachment function, HN protein interacts with
a virus type-specific F protein to bring about efficient mem-
brane fusion. Results of coimmunoprecipitation experiments
have suggested that there is a physical association between
virus type-specific HN and F proteins (HN-F) at the cell sur-
face (9, 24, 32). Furthermore, experiments using chimeric and
mutant HN proteins have indicated that both the stalk and
head regions of HN protein are involved in the specific inter-
action with the F protein that is required for fusion promotion
(2, 3, 10, 28, 30). The occurrence of membrane fusion at neu-
tral pH indicates that virus-cell fusion takes place at the sur-
face of the cell. The conformational change of HN protein,
which may be triggered by receptor binding, sends a signal to
the F protein to initiate membrane fusion (15). Although HN�s
crucial role in the process of infection is well established, the
mechanism by which HN protein participates in membrane
fusion is unknown.

We recently crystallized the protease-cleaved soluble form
of HN protein and reported its atomic structure (8). This
structure has provided insights into the biological activities of
the multifunctional HN protein and has allowed us to charac-
terize structure-function relationships in detail. On the basis of
the three-dimensional (3D) structure of the NDV HN, we
substituted alanine for various residues on the surface of HN
protein (Fig. 1A) to determine whether a particular surface
region is involved in fusion promotion. NDV HN cDNA in
expression vector pCAGGS (26) was mutated using the Trans-
former Site-Directed Mutagenesis Kit (Clontech). The mutant
HNs were expressed in transfected HeLa T4� cells, and their
biological activities (neuraminidase [NA], hemadsorption
[HAD], and fusion promotion) were determined. Cell surface
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expression of the mutant HNs were determined by enzyme-
linked immunosorbent assay using a cocktail of HN-specific
monoclonal antibodies (N1, N3, N6, and N7) as described
previously (7). High levels of each mutant HN were expressed;
the transfection efficiency (25 to 30%) and overall levels of
each mutant expression did not differ substantially from that of
wild-type HN (Table 1). To measure NA activity of mutant HN
proteins, transfected cells were incubated in 0.2 M phosphate
buffer (pH 5.9) containing N-acetylneuraminyl-lactose for 2 h

at 37°C, and the amount of sialic acid in the solution was
determined as reported previously (2). In most HN mutants,
the NA activity was not significantly affected. Only the
Phe553Ala mutation reduced the NA activity to about 30% of
that of the wild-type HN; the NA activities of all other mutants
were 78 to 123% of that of wild-type HN (Table 1). HAD
activity was assayed by incubating the transfected cells with 2%
(vol/vol) chicken red blood cells (RBCs) in phosphate-buffered
saline on ice for 30 min. Unadsorbed RBCs were removed by
repeated gentle washing with phosphate-buffered saline,
bound RBCs were lysed by adding TNE buffer (10 mM Tris
[pH 7.4], 150 mM NaCl, 0.5% Nonidet P-40, 1 mM EDTA),
and clarified supernatant was measured at a wavelength of 545
nm (7, 18). Although most of the mutations had little effect on
HAD activity, there were some exceptions. The Phe553Ala and
Arg557Ala mutations reduced HAD activity to approximately
20 to 30% of wild-type HN values. We expected this reduction
in HAD activity, because residues 553 and 557 are located on
or near the loop between the second and third strands of the
sixth � sheet, which is close to the binding pocket of HN
protein (Fig. 1A).

We evaluated the fusion promotion activity of each mutant
HN in HeLa T4� cells that had been transfected with mutant
HN expression plasmids and pCAGGS-NDVF, a plasmid from
which the NDV F protein is expressed (7). Of the 12 mutants
we first examined, eight induced levels of syncytium formation
that were similar to those induced by wild-type HN and F
protein (Table 1). In contrast, the HN containing the
Gly169Ala mutation displayed a level of activity that was 60%
greater than that of wild-type HN and F protein. Mutations at
Thr216, Phe553, and Arg557 abolished the fusion promotion
activity. The 3D structure of NDV HN protein consists of a
six-bladed �-propeller fold typical of NA molecules (Fig. 1A)
(8, 29). Interestingly, the mutations that affected the fusion
promotion activity are located on the loops of the first and sixth
� sheets of HN protein, suggesting that the fusion promotion
domain resides within this particular region of the protein.

We analyzed the electrostatic potential of the surface of HN

FIG. 1. 3D structure of NDV HN protein and locations of mutated residues. The mutations we characterized in the first (A) and second
(B) series of experiments are shown in the structure of HN-Neu5Ac2en complex. The side view in panel A shows the locations of mutations that
affected fusion promotion activity in the first series of analysis. The structures were generated using WebLab ViewerPro 3.5 (Molecular Simulations
Inc.).

TABLE 1. Biological activities of mutant HNs

HN Expressiona HADb NAb Fusionc

WT 100.0 100.0 100.0 22.1 � 4.0

Mutants
G169A 107.1 � 27.8 87.9 � 20.0 79.1 � 9.1 36.0 � 2.7
T216A 93.7 � 6.3 53.6 � 9.7 122.7 � 8.2 1.9 � 1.8
T232A 98.5 � 0.2 113.3 � 8.3 78.4 � 14.1 15.6 � 2.3
Q280A 107.7 � 3.5 95.5 � 10.7 87.6 � 8.0 20.4 � 3.3
T289A 114.8 � 9.9 103.7 � 13.0 99.7 � 2.8 19.5 � 2.1
G332A 103.1 � 17.1 109.1 � 21.3 92.8 � 13.6 21.3 � 3.1
I336A 104.3 � 12.2 93.5 � 18.8 107.1 � 7.6 20.4 � 5.5
E384A 118.1 � 24.3 88.1 � 5.9 99.0 � 5.8 20.8 � 2.9
E495A 113.4 � 3.9 117.3 � 19.6 113.4 � 9.2 22.9 � 3.0
S518A 136.2 � 19.4 101.7 � 18.6 79.9 � 3.5 16.7 � 2.2
F553A 93.7 � 25.9 28.0 � 3.1 30.3 � 5.8 2.6 � 1.1
R557A 91.4 � 12.8 22.5 � 1.5 80.9 � 10.2 1.0 � 0.9
E158A 69.7 � 12.2 48.4 � 16.1 116.7 � 5.1 1.7 � 0.8
L160A 84.5 � 14.9 20.3 � 8.4 129.7 � 11.0 2.8 � 0.2
F220A 79.7 � 2.9 21.8 � 5.8 87.2 � 16.8 2.1 � 1.3
L224A 74.3 � 12.6 67.6 � 13.4 102.9 � 11.3 2.4 � 1.6
K536A 69.2 � 7.7 77.4 � 6.0 85.9 � 3.1 3.6 � 1.6

a Cell surface expression levels of mutant HNs related to those of wild-type
HN. The values are averages � standard deviations of three independent exper-
iments.

b HAD and NA activities of mutant HNs are expressed as normalized per-
centage values relative to the amount of HN expressed at the cell surface. Each
value is a percentage of the activity of wild-type NDV HN. All values are
averages � standard deviations of three independent experiments.

c Fusion promotion activity of mutant HN. Cell fusion was calculated as the
ratio of the total number of nuclei in multinuclear cells to the total number of
nuclei in the field (7). The values are averages � standard deviations of three
independent experiments.
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protein to determine whether the regions that contain the
mutant HNs (first and sixth � sheets) that altered fusion pro-
motion activity also demonstrated unique surface properties.
Our analysis revealed that the region containing the first and
sixth � sheets is largely hydrophobic (Fig. 2B). In fact, two
isolated HN monomers formed a dimer by interacting with
each other’s hydrophobic site in the asymmetric unit of the
crystal (Fig. 2A) (8). These results suggest that the large hy-
drophobic area on the surface of HN protein plays an impor-
tant role in fusion promotion.

To test the hypothesis that the hydrophobic surface of HN
protein has fusion promotion activity, we created five mutant
HNs in which residues within or near the large hydrophobic
area (Glu158, Leu160, Phe220, Leu224, and Lys536) were re-
placed by alanine residues (Fig. 1B). The NA activity of the
mutant HN protein was similar to that of the wild-type HN (86
to 130% of wild-type HN levels) (Table 1). In contrast, the
HAD activity varied among the HN mutations in the hydro-
phobic region. Leu224Ala and Lys536Ala were located far
from the binding pocket and did not markedly affect HAD
activity (68 and 77% of HAD levels of wild-type HN, respec-
tively); however, Glu158Ala reduced HAD activity to levels
that were 50% of that of wild-type HN, and Leu160Ala or
Phe220Ala demonstrated HAD activity that was only 20% of
that of wild-type HN. All mutations within or near the hydro-
phobic region (Fig. 2C) eliminated fusion promotion activity
(Table 1). It is noteworthy that mutant HNs containing
Leu224Ala or Lys536Ala retained NA and HAD activities that
were similar to those of wild-type HN but lost the fusion
promotion activity. These results further indicate the impor-
tance of the hydrophobic area in the fusion promotion activity
of HN protein.

We crystallized soluble HN protein alone or in complex with
the inhibitor 2-deoxy-2,3-dehydro-N-acetylneuraminic acid
(Neu5Ac2en) and solved the structures (8, 27). Ligand-free

HN formed orthorhombic crystals at pH 4.6, and HN-
Neu5Ac2en complexes formed hexagonal crystals at pH 6.5. A
comparison of the two crystals revealed marked structural
changes of several loops within or near the large hydrophobic
surface (Fig. 3). The chief structural changes were found in the
loops between the second and third strands of the sixth � sheet
(�6S2-�6S3), between �1S2 and �1S3, between �1S4 and
�2S1, between �6S4 and �1S1, and between �5S4 and �6S1
(Fig. 3). Interestingly, these structural changes lie between the
binding/NA active pocket and the large hydrophobic area that

FIG. 2. The fusion promotion domain is located at the large hydrophobic surface of the HN protein. (A) The surface area of HN involved in
the dimer interface of the HN-Neu5Ac2en complex is yellow. The area involved in the dimer interface of HN alone is blue. The dimer interface
area involved in both forms of crystals is green. (B) GRASP software was used to calculate the electrostatic potential of the surface of HN. Areas
of positive potential (blue) and areas of negative potential (red) are shown. (C) Residues that affected the fusion promotion activity of HN are
green, and those that did not affect it are purple. All of the structures in panels A to C are shown in the same orientation.

FIG. 3. Receptor binding-induced conformational change of HN
protein. A space-filling model of a monomer of HN-Neu5Ac2en de-
picts the protein colored according to the root mean square deviation
of the �-carbon atoms between the two crystal forms of HN. The red
regions are those regions that move more than 0.5 Å and show that the
primary conformational change is restricted to a small region connect-
ing the sialic acid-binding/hydrolysis site to the large hydrophobic
surface, which is to the left of the image.
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is essential for fusion promotion activity. The results of our
biochemical and structural analyses suggest that as HN binds
to its receptor, the loop near the large hydrophobic surface
undergoes an important conformational change that triggers
the activation of F protein, the mediator of membrane fusion.

HN protein mediates receptor binding and promotes mem-
brane fusion through a specific interaction with F protein. We
investigated fusion promotion activity by characterizing NDV
HN mutants and comparing their biological activities to those
of wild-type HN protein. Fusion promotion activity was signif-
icantly altered in only those mutant HNs that contained a
substituted alanine residue in the first or sixth � sheet. Our
current results agree with previous findings that identified res-
idues that are important for fusion promotion activity of dif-
ferent paramyxovirus HN proteins. Bousse et al. previously
reported that the Asn242Lys mutation in the HN of human
parainfluenza virus type 1 (hPIV1) markedly enhances fusion
promotion (3). Residue 242 of hPIV1 HN corresponds to res-
idue 220 of NDV HN and is therefore presumed to be located
on the hydrophobic surface. As we showed in this study, the
Phe220Ala mutation abolished the fusion promotion activity of
NDV HN. Another study using chimeric HN proteins of hu-
man parainfluenza virus type 2 (hPIV2) and SV41 revealed
that regions I (the stalk domain) and II (residues 148 to 209 in
the globular head) specifically interact with the F protein to
induce membrane fusion (31). Residues 148 to 209 in hPIV2
HN correspond to residues 154 to 215 of NDV HN and are
presumed to be part of the first three strands of the first �
sheet. Together, these findings indicate that the hydrophobic
surface of HN protein is involved in fusion promotion.

In the current models of virus-induced membrane fusion,
activation of the fusion protein induces a conformational
change that involves the two heptad repeat domains near the
fusion peptide and transmembrane (TM) regions. This confor-
mational change is believed to direct membrane fusion by
inserting the fusion peptide into the target membrane and by
bringing the fusion peptides into close proximity to the TM
anchors to merge the two membranes (11, 22). In the case of
influenza virus hemagglutinin, exposing the protein to low pH
triggers a series of conformational changes that lead to the
exposure and insertion of the fusion peptide into the target
membrane and the subsequent formation of helical bundles
between the two heptad repeat domains. The formation of
these bundles is essential for merging the two membranes (4, 5,
22). In contrast, most retroviruses use a pH-independent entry
mechanism (11, 23). Receptor binding induces conformational
changes in the envelope protein that drive fusion at the plasma
membrane. A recent study of avian leukosis virus (ALV), how-
ever, suggested that the entry mechanism of this retrovirus
requires a low-pH step that acts downstream of receptor bind-
ing (19). Mothes and colleagues (19) showed that receptor
binding converts a pH-insensitive envelope glycoprotein to a
form that is responsive to low pH; therefore, both receptor
binding and exposure to low pH are required for membrane
fusion of ALV. Exposure to low pH is not required for
paramyxovirus membrane fusion. Unlike influenza virus,
paramyxoviruses penetrate cells by fusing their viral envelope
with the plasma membrane of the target cell (16), and the
HN-F-specific interaction is required for F-protein-induced
membrane fusion. An initial event, such as receptor binding,

may induce a conformational change in HN that triggers ad-
ditional conformational changes in the F protein and thus
activates it (16). The conformational change of the F protein
that activates it should be triggered after the attachment of the
virus to the target cells so that the virus envelope and the cell
membrane fuse to initiate infection.

Our structural data and results of functional analysis of
mutant NDV HNs support the hypothesis that receptor bind-
ing induces the conformational change that further triggers the
activation of F protein. A comparison of the structure of HN
alone with that of the HN-Neu5Ac2en complex revealed cru-
cial changes in the positions of several loops between the
binding/NA active pocket and the hydrophobic surface (Fig. 3).
Some conserved residues in the binding/NA active site of HN,
such as Arg174 (which lies on �1S1) and Lys236 (which lies on
�1S2) underwent substantial conformational changes in the
HN-Neu5Ac2en complex (Fig. 3) (8). Arg174 and Lys236 are
linked to the surface residues that constitute the hydrophobic
area, and conformational changes of Arg 174 and Lys236 ap-
pear to influence the translocation of the hydrophobic surface
residues that also undergo conformational changes, as de-
scribed above (Fig. 3). It is noteworthy that significant confor-
mational change was limited to the area between the binding
pocket and the hydrophobic surface that includes the fusion
promotion domain. These structural findings suggest that bind-
ing to the sialic acid-containing receptor induces key confor-
mational changes of several loops near the hydrophobic sur-
face and that these changes trigger the activation of the F
protein to initiate membrane fusion.

Studies of the HN-F interaction of various paramyxoviruses
revealed that the specificity of the interaction is conferred by
the globular head and predicted stalk region of HN protein
(10, 28, 31). The HN stalk contains a potential heptad repeat
region, which probably forms an �-helix (25). Mutation of the
heptad repeats resulted in a substantial reduction of fusion
promotion activity, a result that supports the theory that HN
associates with the F protein via its heptad repeat region in the
stalk (25). The two heptad repeat regions of F protein, which
are located near the fusion peptide and TM domains, refold
into helical bundles. The result of this refolding is that the
fusion peptide comes into close proximity to the TM domains
(1). Peptides derived from these heptad repeat regions specif-
ically inhibit fusion, a finding that shows that the formation of
the helical bundles is essential for merging two membranes
(20). Therefore, the predicted heptad repeat in the stalk region
of HN may specifically interact with the heptad repeat in the
stalk region of the F protein to maintain the F protein in a
metastable, native state. Receptor binding and the following
conformational change in the HN protein may result in the
dissociation of the specific HN-F interaction in the stalk re-
gion, and this dissociation may allow the fusion peptide of F to
relocate, form the helical bundles, and merge the two mem-
branes.

In this study, we showed that the hydrophobic surface of HN
is involved in the fusion promotion activity of HN protein. The
results of our structural analysis of the HN crystallized alone or
in complex with Neu5Ac2en suggested that the receptor bind-
ing induces a major structural change in the hydrophobic sur-
face of the HN, which may promote membrane fusion. How
does the structural change near the hydrophobic area of HN

VOL. 76, 2002 NOTES 13031



protein activate the F protein? Although isolated HN mono-
mers formed dimers in the crystal through its hydrophobic
surface (8), the actual form of HN dimer on the virion is not
known. If the hydrophobic region of an HN molecule interacts
with the same region of another HN molecule to form a dimer,
then when HN binds to a receptor, the association of the two
monomers would be affected by the conformational change
near the dimer interface. The conformational change of the
HN dimer would result in the dislocation of the stalk region of
HN, which would release the heptad repeat in the stalk region

of the F protein and initiate membrane fusion (Fig. 4A). An-
other possibility is that two HN molecules align straight up to
form a dimer and interact with F trimer through its hydropho-
bic region (Fig. 4B). If this is the case, the HN-F interaction
will prevent the fusion peptide from being exposed to the
environment until the virus reaches a target cell. A recent
report of the 3D structure of the NDV F protein indicated that
this protein is organized into head, neck, and stalk regions (6).
The trimeric F protein contains axial and radial channels that
perforate the head and head-neck interface. Chen and col-

FIG. 4. Models of the role of HN protein in membrane fusion. (A) In the first model, HN protein forms a dimer through its hydrophobic site
and physically interacts with the fusion (F) protein trimer to form an HN-F complex. HN binding to the receptor triggers a conformational change
near the hydrophobic site, which results in the structural change of dimer formation of HN and the dissociation of the HN-F complex. The
receptor-binding/NA pocket is shown as a gray spot. (B) In the second model, two HN molecules align to form a dimer. HN protein interacts with
the F protein at its hydrophobic surface and prevents the exposure of the fusion peptide to the environment. Receptor binding induces a structural
change near the hydrophobic surface of HN, which causes the dissociation of the HN-F complex and releases the fusion peptide to initiate
membrane fusion. Yellow spots in the F trimer indicate the locations of radial channels that may sequester the fusion peptide. The hydrophobic
surface of the HN is shown in red. (C) In both models shown above, HN protein prevents the conformational change of the fusion peptide (blue
arrow) of the F protein until the virus reaches the target cell membrane. Receptor binding and the subsequent conformational change of HN result
in the dissociation of the HN-F interaction and the activation of the F protein. The F protein then inserts the fusion peptide into the target
membrane and merges the two membranes by forming a coiled-coil structure between the two heptad repeat regions near the fusion peptide and
TM domains.
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leagues (6) proposed that after cleavage of F0 into F1 and F2,
the hydrophobic fusion peptide becomes sequestered in a
metastable, native state in the radial channel. Therefore, HN
protein may directly interact with the F protein through the
hydrophobic surface of the molecules to keep the fusion pep-
tide in the radial channel. Receptor binding-induced confor-
mational changes near the hydrophobic region of HN protein
would disrupt the specific HN-F physical interaction and re-
lease the fusion peptide (Fig. 4B). This process allows the F
protein to insert the fusion peptide into the target cell mem-
brane, and additional conformational changes merge the two
membranes. In both models, physical interaction between HN
and the F proteins prevents the conformational change of the
F protein until the HN binds to a cellular receptor. The recep-
tor binding-induced conformational change of HN protein
triggers the activation of the F protein to initiate membrane
fusion. The fusion peptide inserts into the target membrane,
and subsequent formation of a triple-helix coiled-coil of the
two heptad repeats merges the two membranes (Fig. 4C).

Our structural and functional analyses of NDV HN have
provided insight into the multiple functions of this protein,
which is essential for viral infection. HN protein is well de-
signed to perform a series of events of initial viral infection.
HN cooperates with the F protein of the same type of virus;
this cooperation includes a specific interaction and a series of
dynamic changes initiated by receptor binding. The specificity
and flexibility of HN protein appear to help the F protein
induce membrane fusion. Studying the mechanism induced by
HN and F will provide clues about ways of preventing
paramyxovirus infection.
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